The micro-RPAS SUMO (Small Unmanned Meteorological Observer) equipped with a five hole probe (5HP) system for turbulent flow measurements has been operated in 49 flight missions during the BLLAST (Boundary-Layer Late Afternoon and Sunset Turbulence) field campaign in 2011.
Introduction
The understanding of the complex interaction between the vertical structure of the atmosphere and the characteristics of atmospheric turbulence is of major importance for a wide range of practical applications and for basic atmospheric research. The appropriate parameterization of turbulent ex-25 change processes in numerical weather prediction and climate models or the estimation of structural loads in the field of engineering, e.g. for bridges or wind turbines, are prominent examples.
Profiles of Turbulent Kinetic Energy (TKE) and the underlying velocity variances of the 3-dimensional wind vector are excellent indicators for the state of ambient turbulence, as they provide information on both the absolute turbulence level and on its spatial characteristics, as e.g. local isotropy. They 30 are also of major importance for the understanding of the TKE budget by allowing the estimation of the magnitude of TKE production and vertical transport, which are mechanisms of basic relevance for the determination of turbulent exchange in Atmospheric Boundary Layer (ABL) research.
The measurement of velocity variances requires fast-response sensors. For in-situ observations these are typically mast or tower mounted sonic anemometers or multiple-hole flow probes for air-35 borne measurements. Mast and tower based measurements can capture the local turbulence conditions in the Surface Layer and in case of higher masts and towers also for the stable ABL as a whole.
However, under convective conditions only a fraction of the ABL's vertical extent can be captured, so that important processes, in particular in the entrainment zone, cannot be observed. A few attempts have been started to extend the vertical measurement range by tethered platforms, as balloons, kites Energy (TKE). More information on the 5HP system can be found in the manual provided by the manufacturer Aeroprobe (2012) and in Båserud et al. (2014) .
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The probe is mounted in the nose of the airframe (see Fig. 1 ) and is connected to the differential pressure sensors in the data computer by six silicon tubes of about 10 cm length. The tip of the sensor is located approximately 10 cm in front of the fuselage. Wind tunnel tests of the setup, performed at DLR (Deutsches Zentrum für Luft-und Raumfahrt), Göttingen, Germany, in 2014, showed no noticeable effects of flow distortion at this position. The angular response of the probe was tested 100 both stand-alone and mounted on a SUMO airframe and provided nearly identical results within the accuracy limits of the system. During the BLLAST campaign the 5HP data computer was not integrated into the SUMO's data acquisition system. The 5HP flow data and the aircraft position and attitude were therefore collected on different, unsynchronized data loggers with different temporal resolution. This results in certain battery capacity of SUMO allowed for flight missions of 20 to 25 min, corresponding to 8 to 10 straight segments. The most common flight strategies were either four legs at two different altitudes, or two legs at four different altitudes (see Fig. 2 ).
Two of the 49 flights had to be rejected due to problems with the data loggers. Several other flights 125 had to be excluded from further analysis due to unsatisfactory time synchronization between the 5HP flow data and the IMU/GPS. A description of the corresponding synchronization procedure and the defined acceptance and rejection criteria is given in Sect. 4. Additional flights were excluded due to large deviations from the desired flight level during turbulence segments. Finally a total of 23 flights 5 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2015 -407, 2016 have been used for the analysis of atmospheric turbulence presented in this study. Four flights (# 27, 130 29, 20 and 31), performed close to the 60 m tower at Site 1 (e.g. Darbieu et al., 2015) at altitudes between 65 and 70 m (Fig. 3) , have been used to compare the SUMO flow measurements with data from a 3D sonic anemometer (Campbell CSAT3) mounted at 60 m. Ten flights from 15 June (all with three to four legs at two altitudes) and 9 flights from 27 June (all with two legs at four altitudes)
at Site 2, have been chosen to investigate the temporal evolution of atmospheric turbulence by the 135 means of TKE profiles (see Sect. 5).
Data processing
In order to transform the measured flow vector from the SUMO's turbulence system into a meteorological (earth-fixed) coordinate system with the velocity components u (positive for wind from west), v (positive from south) and w (positive upward), the aircraft's attitude and velocity need to Furthermore, the IMU and GPS data, which were recorded at a lower rate, were up-sampled to the 100 Hz rate of the 5HP. Potential implications of this procedure on the retrieval of turbulence parameters are discussed in Sect. 6.
Thereafter, we identified straight flight legs for our turbulence analysis based on the coordinates used to define the autopilot's flight track, which are recorded during operation. This gave us an components, and thus too small to make any significant contribution. Consequently we are neglecting these terms.
In Eqs.
(1-3), the 5HP airspeed is given by U a , while the angle of attack and the angle of sideslip are given by α and β, respectively. The attitude angles pitch, roll and yaw are given by θ, φ and ψ 185 respectively, and the three components of the aircraft's ground speed by u gs , v gs and w gs . Due to the lack of a direct measurement for ψ, we used the heading angle obtained from the GPS track for this conversion.
After the correction for the aircraft's movement by applying the coordinate transformation (Eqs. 1-3), the resulting w is frequently showing features of an oscillation, which seems to be highly corre-
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lated with the time series of the vertical climb speed, altitude and pitch angle of SUMO. Figure 6 shows one example of the vertical velocity component, w, together with the GPS climb speed. from the sonic anemometer (Figs. 8 and 9), and thus result in unrealistic estimates of TKE (Fig. 9 ).
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As these oscillations, most likely caused by an insufficient fine-tuning of the basic control loops in the autopilot system, are a unique issue that only occured during the BLLAST campaign that has now been resolved, we decided to use a simple and pragmatic method to make the BLLAST data available for a preliminary analysis in this proof of concept study.
In order to remove this low frequency noise, we applied a high-pass filter (hpf) based on a running 200 average, to the time series of w (Fig. 7) . Since we want to remove a feature with a period of about 5 s, the resonable choice of filter constant will be in the order of 1 s. for the sonic data is based on the application of Taylor's hypothesis of 'frozen' turbulence (Taylor, 1938) , i.e. the time it takes the air mass, probed by SUMO on a straight leg of around 1 km, to be advected past the stationary tower. The wind speeds were generally weak during the whole campaign,
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with daily average surface winds below 2 ms −1 (Lothon et al., 2014) . From Table 2 it is seen that also the winds at 60 m were weak during the time of the four SUMO flights.
For σ u and σ v the unfiltered data from SUMO fit well with the data from the sonic, whereas the unfiltered σ w shows much higher values than the sonic, due to the oscillations mentioned above.
The application of the filter reduces both the overall level of σ w as well as the spread of the data 225 points for the single flight legs. While the hpf 31 clearly underestimates σ w compared to the sonic at the mast, the three other selected filter constants lead to a reasonable agreement. Looking at the spectral plot in the right panel of Fig. 7 it is clear that although the sonic and SUMO show a good agreement in the integral parameter of σ w , a distinct difference in the underlying energy spectrum of the corresponding data sets remains. This has to be taken into account for the further interpretation 230 of the results. The close match in σ w derived from SUMO to the sonic data seems to be the result of a compensating effect between an underestimation of the low frequency contribution due to the filtering procedure and an overestimation of the spectral energy around a peak at about 1 Hz that is most likely related to the control algorithm of the autopilot (Reuder et al., 2015) . the TKE profiles can be seen in Fig. 10 .
The 27 June was a hot and cloud free convective day with surface temperatures reaching 30
The BL height during this day was not behaving in a 'textbook' manner. It was growing fast in the morning, reaching a maximum of around 1200 m during a very short period around 14 UTC, before decreasing again very rapidly (Lothon et al., 2014) . The TKE profiles develop in parallel with this 255 evolution of the boundary layer height. The lowest TKE values are observed during morning and evening, with very similar overall levels. The distinct maximum in the early afternoon is limited to a period of less than 2 hours. Only this profile exhibits the shape of a typical TKE profile in a fully developed CBL, with increasing values with altitude until reaching a maximum at around 1/3 of the BL height, as described e.g. by Stull (1988) . The largest diurnal variation is found at 150 and 6 Uncertainty analysis
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The SUMO system was still in a prototype stage during BLLAST when it comes to turbulence measurements, requiring an extensive data post-processing and assumptions to be made on the way to extract and validate the velocity variance data in 3 dimensions that are the basis for the TKE estimation. The following section will provide a discussion of the different sources of uncertainty identified and on potential pathways and suggestions to improve the situation in the future. Although The unsynchronized data loggers of the autopilot and the turbulence probe can cause some uncertainty. One cannot be more accurate in timing than the slowest partner, i.e. GPS (at the moment 285 4 Hz). The up-sampling of this GPS data and the 10 Hz attitude data can change the spectral behavior of the resulting motion corrected data sets. The latest version of SUMO uses one common data logger for the 5HP and all IMU/GPS data. For newer systems we aim to increase the IMU sampling rate to 100 Hz, and the GPS sampling rate to 10 or 20 Hz, in order to remove these issues completely.
The yaw angle (ψ) has not been measured accurately, but taken to be the angle of flight track
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(heading angle). This simplification might cause an error in the resulting horizontal wind components. However, it can be assumed that this does not lead to large errors as long as the aircraft's ground speed is significantly higher than the side wind component or, in other words, the straight flight legs are oriented parallel to the prevailing wind direction. Furthermore, the definition of TKE includes the variances of all three velocity components, so that errors resulting from an inaccurate as winds were weak compared to the aircraft's ground speed of around 20 ms −1 . For measurements in situations with a strong cross-wind component this has, however, to be taken into account as a potential error source. Furthermore, high frequency fluctuations of the yaw angle, which are not 300 captured by the GPS heading angle, might introduce a minor uncertainty in the velocity variances and standard deviations that will then also be reflected in the TKE.
When transforming the wind vector from the aircraft to the earth-fixed coordinate system, we have neglected terms involving the product of angular velocities and the separation distance between the turbulence sensor and the IMU/GPS. Tests have shown that the effects of these terms are insignif-305 icant and that the terms do definitely not compensate for the remaining oscillations in the vertical component with a period of around 5 s.
Comparing the measurements of standard deviations and TKE from SUMO to the corresponding measurements from the sonic anemometer mounted at the 60 m meteorological tower may require some additional considerations on the comparability of the two methods. The two basic assumptions 310 that have to be fulfilled are Taylor's hypothesis and horizontal homogeneity. As described by Lothon et al. (2014) the area of interest was characterized by different kinds of surfaces, partially causing significant differences in the surface temperature (Reuder et al., 2015) and consequently in the surface forcing expressed by sensible and latent heat fluxes. These surface heterogeneities are likely to influence the two measurement systems in different ways. The footprint at the stationary tower is 315 only dependent on the meteorological conditions, i.e. stratification, wind speed and direction, which can be assumed to be rather constant with time. In case of the SUMO platform the footprint shows an additional dependency on the current location of the airplane, thus being more affected by surface 14 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2015 -407, 2016 Manuscript under review for journal Atmos. Meas. Tech. The most critical assumptions for the determination of the velocity variances are related to the fil-
325
tering process of the remaining vertical velocity oscillations. Even after correcting for the aircraft's motion, we have to apply this method to extract realistic values for σ w . Our choice for the filter settings is based on the comparison of four flights to sonic anemometer data, applying different settings. We are aware of the related uncertainties, e.g. the impact on the spectral characteristics of the filtered velocity components. We see a compensation of two errors, i.e. the underestimation by the 330 filter for the low frequencies and the overestimation due to the peak at around 1 Hz, which is probably related to the control algorithm of SUMO's autopilot (Reuder et al., 2015) . The fact that the results converge for four individual flights performed during two different days gives certain confidence that the selected filter parameter is also appropriate for the other turbulence flights during the BLLAST campaign. For the latest campaigns performed in 2014 on Svalbard and in the Netherlands 335 the altitude stabilization issue of the SUMO system has been solved and is not longer a problem.
Summary and Outlook
We present turbulence measurements from the BLLAST field campaign, in summer 2011, obtained using the Aeroprobe 5HP system on board the micro-RPAS SUMO. This system was still in an early prototype stage during the BLLAST campaign and extensive post-processing of the resulting data 340 was therefore needed in order to calculate the turbulence parameters. The 5HP and the aircraft attitude data loggers were not yet synchronised, for example. We solved this through cross-correlating the airspeed measured by the 5HP and the ground speed from the GPS and correcting for the corresponding time shift. Furthermore, an oscillation in the vertical wind component was discovered.
This was not corrected for when converting the wind vector measurements from the aircraft ref-
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erence frame to the Earth reference frame using the GPS and aircraft attitude data. Also, tests in which we applied full equations for this coordinate conversion, instead of the alternative simplified versions, did not improve the measurements in this regard. The oscillations were removed by filtering the vertical wind component using a simple high-pass filter based on a running mean. For the measurements and applications presented herein, this appears to be sufficient in the time domain,
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although not optimal in the frequency domain.
After post-processing, the resulting standard deviations of the three wind components, σ u , σ v , higher TKE values during early afternoon, which would be expected given the time development in surface forcing and corresponding ABL structure on the investigated days.
Since the BLLAST campaign, the SUMO system has been improved in several regards. The aircraft attitude and 5HP data are now synchronized on-board and logged using one single data logger.
There are no longer problems with a sub-optimal aircraft attitude (pitch) control tuning, which we tion, a fast-response temperature sensor (Wildmann et al., 2013) has been tested with the system, allowing for the direct estimation of turbulent fluxes of sensible heat.
Still, some challenges with the system remain. Currently, the GPS heading data are used for estimating the aircraft yaw angle. For cases with weak cross-winds, such as those presented herein, this has minor influences on the estimated turbulence parameters since the deviation from the true yaw 370 angle is minimal. However, for cases with strong cross-winds we have previously observed larger deviations. To address this shortcoming in the future we are looking into possibilities of measuring the true yaw angle directly, e.g. by magnetometers or the use of two differential GPS receivers. In addition, the present SUMO airframe and the mounting of the 5HP exposed and unprotected in the nose of the aircraft require an expert pilot for safe landings. In the future, alternative airframes or an 375 alternative mounting of the 5HP will be considered for increased user-friendliness.
As described in the introduction, the potential of the turbulence measurement capabilities of the presented SUMO system cover a wide range of applications and extends beyond basic research on atmospheric turbulent characteristics. Other example applications include the validation of numerical weather prediction models, the characterization of wakes within wind farms and the estimation of 380 turbulent heat fluxes when the system is combined with a fast-response temperature sensor. 
